Cortical stimulation is a useful way of elucidating the cortical control of eye movements.The aim of this study was to determine the type of eye movements evoked in response to intraoperative electrical stimulation of the frontal eye f|eld (FEF) region in a fully awake patient during surgery for a frontal lobe glioma. A train of low-intensity electrical pulses within an area in the precentral gyrus evoked contraversive smooth eye movements (SEM) recorded electro-oculographically. Stimulation of an anterior subregion of this electrically determined FEF disclosed both SEM and suppression of self-paced saccades. However, electrical stimulation of this region evoked no saccades in agreement with pre-operative fMRI using a self-paced saccade paradigm, which did not show activation within the ipsilateral FEF. In humans, intraoperative FEF stimulation may elicit recordable contraversive SEM, and interfere with oculomotor behaviour, suppressing self-paced saccades.
INTRODUCTION
In primates, intracortical electrical microstimulation of the frontal eye field (FEF) may elicit saccades as well as more slow, smooth ocular movements [1] [2] [3] . Electrical microstimulation in primates may also suppress visually guided and memory-guided saccades [4] .
In humans, the site of FEF has been recently better defined [5] [6] [7] [8] [9] . Its localisation with electrical stimulation was mainly described in epileptic patients undergoing presurgical evaluation with implanted electrodes [9] [10] [11] . However, these studies analyzed ocular movements only with videography, with no precise electro-oculography recordings. Only a few intraoperative studies have reported electrically induced oculomotor responses in humans, providing few data regarding the metrics of eye movements [12] .
More recently, intraoperative electrical stimulation in humans has been widely used in neurosurgical procedures, allowing identification of eloquent structures in the brain. Avoidance of their surgical removal may result in less postoperative iatrogenic deficits [13] . Interestingly, few intraoperative functional mapping studies concern the cortical structures involved in ocular motility. One possible reason for this lack of interest is that limited unilateral cortical lesions induce only minor clinical oculomotor deficits, with spontaneous recovery [14] .
The aim of our study was to determine precise electrooculographical features of ocular movements elicited by intraoperative FEF stimulation in a patient with a right frontal glioma, despite the constraints related to the neurosurgical procedure. Subsequently, the hypothesis of voluntary saccades suppression by electrical stimulation of the same area was also tested. Location of this electrically defined FEF was then compared with the areas determined preoperatively with functional MRI (fMRI), while the patient was performing a self-paced horizontal saccades paradigm.
MATERIALS AND METHODS
A 34-year-old right-handed woman had a tumoral lesion located in the right frontal lobe, revealed 2 years earlier by seizures. The tumor was subsequently confirmed by pathology as a low grade glioma. Informed consent was obtained from the patient before inclusion in the study, which was approved by an institutional ethics committee for biomedical research.
fMRI: Preoperative fMRI was performed with a 1.5 T unit using blood oxygen level dependent (BOLD) fMRI. The protocol included 20 axial gradient echo planar images covering the whole frontal lobes and axial inversion recovery 3D T1-weighted images of 1.5 mm thickness, for anatomical localization. Prior to the fMRI acquisition, the patient was trained to perform saccades at a regular pace (B1 every 2 s), with an estimated 101 amplitude at each side. During the fMRI acquisition, the oculomotor task consisted of self-paced symmetric horizontal saccades in low-luminance conditions. Four periods of saccades alternated with four periods of rest. During the rest periods the patient was asked to keep the eyes open, motionless. fMRI data were analyzed using the SPM99 software (Wellcome Department of Neurology, London). Anatomical images were transformed stereotactically to Talairach coordinates using the standard template of the Montreal Neurological Institute. The functional scans, corrected for subject motion, were then normalized using the same transformation and smoothed with a Gaussian spatial filter to a final smoothness of 5 mm. Statistical parametric maps were calculated for the contrast saccades vs rest. Voxels were thresholded at T 4 4 and clusters were considered significant if composed of 4 15 voxels (p o 0.05 corrected). Significantly activated clusters were then superimposed on the high-resolution images and 3D reconstruction of the patient's brain obtained using a dedicated software (Anatomist, JF Mangin, SHFJ-CEA, Orsay, France). To localize the FEF with cortical stimulation, peroperative photographs were superimposed on the MR surface rendering of the cortex of the patients. The scale of peroperative photographs (using a scale on the photograph) and MR surface rendering was adjusted by using a commercial graphic software (adobephotoshop, San Jose, California).
Eye movement recordings:
The patient underwent ocular motility assessement using direct-current electro-oculography (EOG) before the surgical procedure, in order to detect abnormalities that could have been related to the frontal tumor. Visually guided saccades, antisaccades, memoryguided saccades, and ocular pursuit were studied using paradigms described previously [15] .
Intraoperative electrical stimulations: The neurosurgical procedure was performed using electrical cortical stimulation, while the patient was under local anaesthesia, according to a method described elsewhere [13] . The patient's head was fixed for surgical purposes and, therefore, neck movements that might have been elicited by electrical stimulation were not monitored. Eye movements were monitored during the surgical procedure using EOG with bitemporal electrodes. Intraoperative electrical stimulation was performed with a 5 mm spaced tips bipolar probe providing a train of constant current biphasic square waves (pulses with a frequency of 60 Hz, single pulse duration 1 ms). The current amplitude was 1-4 mA (Ojemann Cortical Stimulator, Radionics, Inc., Burlington, MA). Cortical stimulation was performed at large right frontal lobe sites, including motor and somatosensory regions, and not only those that were predicted with preoperative fMRI during voluntary saccades. Boundaries of glioma were detected using intraoperative ultrasonography. Tumor1 resection was conducted using functional as well as anatomical landmarks, continuing glioma removal until eloquent structures were encountered, as described previously [13] . During the procedure, the patient was awake and verbal and visual contact between her and two experimented observers of ocular motility was possible. Electrical stimulation was performed in two conditions: during fixation, while the patient maintained fixation on a target placed in front of her eyes, and during the saccade task, while the patient performed self-paced horizontal saccades. During this second condition, the patient was asked to perform continuously horizontal saccades, with no amplitude or pace change, even if she felt that they were modified by the electrical stimulation. Amplitude of these self-paced saccades was calibrated at 10 degrees on each side at the beginning of the eye movement study and served as reference for further calibration of intraoperative amplitude measurements. Analysis of electrically induced ocular movements and saccades suppression was performed offline with a special software (Paradigm, Serge Kinkingné-hun, Paris), allowing measurement of latency of the eye movement onset after electrical stimulation as well as eye movement velocities.
RESULTS
Preoperative eye movement recordings: Prior to the surgery, ocular movement recordings disclosed normal visually guided saccades, antisaccades and memory-guided saccades on both sides. However, ocular pursuit was abnormal, with significantly (p o 0.036) reduced gain when performed to the right side (0.84 at 391/s), compared to the left side (0.93 at 391/s), suggesting right FEF ocular pursuit dysfunction.
Preoperative fMRI: Before surgery, activation induced by self-paced horizontal saccades was detected in the left FEF, bilateral supplementary eye fields and posterior parietal cortex ( Fig. 1) , consistent with previous studies [9, 16] . There was no right FEF activation as shown in Fig. 1 , the right FEF area mirroring the left FEF being located within the tumor. Activation trend was, however, observed in this right FEF area at a more liberal statistical threshold (not shown).
Intraoperative eye movement recordings: Electrical stimulation was applied during surgery at multiple sites in the frontal lobe, according to the cortical mapping technique [13] . Electrical stimulation was performed systematically within and around the tumor and each site eliciting a motor or a somatosensory response was labeled (Fig. 2) . While the patient was fixing a target in the primary position of the eyes, 34 sites were stimulated within this region, eliciting four conjugate contraversive eye movements from four different sites (labeled 21-22-24-25 on Fig. 2 ) at a mean current intensity of 1.8 mA. These areas eliciting ocular movements were located in the precentral gyrus immediately behind the lateral half of the middle frontal gyrus (lateral to the primary motor cortex of the hand). Except these four areas, stimulation of other cortical sites were uneffective for eliciting ocular movements. On average, duration of the effective electrical pulses length was 1628.75 ms (range 1560-1825 ms). Eye movements were obtained after an average latency of 93.75 ms (range 55-165 ms), and lasted on average 1666.25 ms (range 1555-1780 ms). The speed and the amplitude of the elicited eye movements during the four recordings were similar (Fig. 3a) . The mean amplitude of ocular deviation was 131 (range 11-151), and the mean velocity was 81/s (range 7-91/s). Such a velocity is in the range of velocities of slow eye movements, such as ocular pursuit [17] and even inferior to that of ocular pursuit recorded prior to the surgery. In most observed ocular deviations, the eyes continued their contraversive course after the end of the electrical stimulation. A rapid corrective backward movement was then observed, with a brisk overshooting displacement, the eyes being driven further than the initial fixation point before reaching again this point (Fig. 3b) . The mean amplitude of the backward saccades was 17.51 (range 15-231) prior to reaching the central fixation point. Their mean velocity was 971/s (range 51-1311/s), in the range of saccadic eye movements [17] , and analogous to that of saccades recorded prior to surgery. Suppression of saccades was elicited four times during the surgical procedure, but only one satisfactory recording was obtained (Fig. 4) . This condition was performed at the end of the surgical procedure and could not be repeated because of the advanced fatigue of the patient and the surgical constraints. Succession of self-paced right to left saccades were suppressed shortly after onset of the electrical stimulation, which lasted 2350 ms. The site of saccade suppression (Fig. 2, area labeled 21 ) was the same site where a contraversive smooth eye movement was previously recorded. Saccade suppression occurred B90 ms after the electrical stimulation onset and no eye movement was recorded during the whole duration of the electrical pulse, despite the patient's effort to continue the saccadic eye movements. Saccades were recorded again later, i.e. 3130 ms after the end of the electrical pulse.
DISCUSSION
This report is, to our knowledge, the first study with electrooculographically recorded data of ocular movements induced by intraoperative electrical stimulation in an awake human. Conjugate smooth contraversive ocular deviation was obtained by stimulation of a site that was also able to suppress voluntary self-paced saccades. Although the number of recorded eye movements in this study is limited because of surgical time constraints, these findings suggest that intraoperative cortical mapping can include recordable ocular motor tasks in humans.
Location of the FEF area eliciting ocular movements:
The primate FEF is defined as the portion of the lateral frontal cortex from which rapid eye movements can be elicited with low-intensity intracortical microstimulation [1] . Smooth eye movements, clearly distinct from saccades, were also elicited from FEF, with an average 111/s peak velocity and B40 ms latency [2] . In this study, the authors reported that smooth eye movements were predominantly ipsilateral to the stimulated area, although contralateral movements were also recorded. Most of these smooth eye movements were recorded from the posterior bank of the arcuate sulcus, whereas saccades were mainly elicited from stimulation of the anterior bank [1, 2] . A dissociation of saccade-related and pursuit-related area in the FEF was also reported in humans using fMRI [18] . In this study a smaller pursuit-related area was found in the FEF, located inferiorly and laterally to the FEF saccade-related area [18] .
In humans, very few intraoperative studies have reported ocular motor responses from electrical stimulation [12] . Almost all studies used extra-operative stimulation with implanted subdural or intracortical electrodes in patients evaluated prior to epilepsy surgery [9] [10] [11] . In these studies, eye movement recordings were performed with a video equipement, and no precise electro-oculographic data allowing metric analysis was available. Penfield and Boldrey disclosed conjugate deviation of the eyes contralaterally to the stimulated FEF in most of their patients, from areas that they qualified as corresponding roughly to Broadman area 8, anteriorly to the motor strip [12] with no further analysis of eye movement velocity allowing classification as saccadic or smooth. Godoy et al. [11] performed extra-operative stimulation of the FEF in 19 patients, obtaining 78 eye deviations with contralateral responses in 100% of the effective sites. Horizontal eye movements were disclosed in 78.9%, and they were considered as saccadic in 84.2% of cases. However, in 10.5% of cases, eye movements were considered as nonsaccadic by the observers, on the basis of videotapes analysis. The location of these areas was consistent with Penfield's findings, anteriorly to or in the motor strip, between the upper extremity and the face areas [11] . The conclusion of this study stated that although most of the eye movements were saccadic, a more quantitative evaluation is necessary to establish the type of eye movements originating from this area. Recently, another similar study using various amplitudes of electrical current in six epileptic patients, proposed a restricted location of the electrically defined FEF, in the posterior part of the middle frontal gyrus [10] . Eye movements were analyzed with video recordings. They were always directed contralaterally, and although smooth eye movements were rare, they were elicited from a small area in the posterior and mesial corner of the eye movement region. The location of this region was consistent with data from monkey studies [2] .
In our study, intraoperative electrical stimulation of four sites in the precentral gyrus immediately behind the lateral half of the middle frontal gyrus (Fig. 4) elicited conjugate contralateral smooth eye movements, shortly after the onset of the current pulses, with latencies similar to those recorded in primates. Velocity of the recorded smooth eye movements was relatively constant from one trial to another but much lower than that of voluntary saccades recorded in the same patient and consistent with ocular pursuit velocity. Moreover, after each intraoperative smooth eye deviation induced electrically, a repositioning saccade to center was noted. These different arguments suggest that the electrically induced eye movement was not a spontaneous deviation. Finally, given that the electrically induced eye movements were here both slow and directed contralaterally to the stimulation site, we cannot know whether the stimulated site was a pursuit site from which ipsilateral deviation would be expected, or a saccadic site, from which a more rapid eye movement would be expected. It should also be noted that even though each cerebral hemisphere mainly controls ipsilateral ocular pursuit, it also plays a role in the control of controlateral ocular pursuit, as suggested by lesion studies [17] and stimulation studies (see above). Therefore, it can not be ruled out that the relatively limited area whose stimulation elicited here contralateral smooth eye deviation corresponded to the area in this hemisphere, controlling controlateral smooth pursuit. Electrical stimulation did not evoke saccadic eye movements, probably because the function of the right FEF was altered by tumor extension inside this area (Fig. 1) . This hypothesis is supported by the fact that the pre-operative fMRI did not show activation within the right FEF area (Fig. 1, Fig. 2 ), suggesting that cortical plasticity has compensated the impaired right FEF function.
Electrical suppression of voluntary horizontal saccades: Suppression of inappropriate or unwanted saccades is crucial, allowing the eyes to be directed at will. In macaque monkeys electrical stimulation demonstrated that specific regions within the FEF may selectively suppress task-related saccades by delaying their occurrence and altering their accuracy [4] .
In our patient, electrical suppression of self-paced saccades occurred with a latency comparable to that eliciting eye movements. Suppression of saccades may have resulted from stimulation of a suppression site or stimulation of a fixation site. Existence of a possible fixation site in humans is supported by functional imaging experiments demonstrating that FEF is activated during fixation tasks [19, 20] .
Electrical inhibition of a voluntary saccades was previously described in humans [21] . In this study using chronically implanted subdural electrodes in epileptic patients, voluntary eye movements were interrupted immediately after the electrical stimulus onset and recorded again as soon as the stimulus was discontinued [21] . The exact electrode location and oculographic data was not provided, however. Interestingly, in our patient, electrical stimulation of the same sub-region within the FEF allowed both production of smooth eye movements and suppression of self-paced saccades (area labeled 21 in Fig. 4 ). This subregion eliciting both ocular movement production and suppression was situated at the anterior and lateral part of the electrically identified FEF. This finding seems to be similar to that determined in monkeys, in which pure saccade suppression sites are most often detected in the ventrolateral part of the FEF, near the arcuate spur [4] . Moreover, our data are consistent with other findings in primates, in which sites eliciting predominantly contralateral smooth eye movements were found to be located within 0.5 mm of a pure suppression site in the arcuate sulcus [4] . Although the authors stated that their data were not sufficiently extensive to make inferences about the anatomic relationship between the smooth eye region and the location of pure suppression sites, our results seem to be consistent with these findings. Furthermore, this may be considered as a further argument supporting that the area disclosed here could be that of controlling contralateral smooth pursuit (see above).
Correlations between functional MRI and intraoperative mapping: Although electrical mapping and fMRI seem to provide well correlated data in humans [22] , it seems difficult to compare these findings in our patient. Indeed, fMRI explored regions involved in self-paced saccades, whereas electrical stimulation might have been effective on different regions, disclosing smooth eye movements. Previous fMRI studies determined a FEF subregion involved in ocular pursuit, located posteriorly and inferiorly to the FEF saccade subregion that was activated during a visually guided task [20] . In line with this observation, positive stimulation sites in the present study were located onto the surface of the precentral gyrus, posteriorly and laterally to the putative FEF saccade area, mirroring the left FEF area activated during the self-paced saccade task. However, whether the site eliciting smooth eye movements during electrical stimulation may also be involved in ocular pursuit cannot be ascertained using the simple fMRI oculomotor paradigm used in the study.
In summary, our data confirm that intraoperative mapping of cortical areas involved in human ocular motility, with precise measurements of the ocular metrics, is possible in awake neurosurgical patients. In patients with frontal tumors, smooth eye movements can be electrically elicited from an area adjacent to that predicted by preoperative fMRI studies.The results of this study are compatible with previous findings in monkeys, suggesting the existence of a distinct FEF subregion involved in both smooth eye movements and saccades suppression. Further studies, combining preoperative fMRI studies with more extensive intraoperative findings are needed to confirm these preliminary results.
